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Abstract 
In recent years exclusive properties of nanoparticle coatings on metal matrix has attracted researchers to study more on synthesis 
of Ni-based nano-composites by electrodeposition process. In this paper the effects of duty cycle on the microstructure, hardness, 
wear and corrosion resistance were investigated on an AISI 1005 low carbon steel specimen electroplated in Watt's type bath. 
The obtained coating was strong and well adherent to the steel substrate. The Ni matrix nano-composite coatings with ܣ݈ଶܱଷ/ 
ଶܻ ଷܱ /Graphene uniformly dispersed particles were fabricated by using electroplating technique with the aid of ultrasound 
condition. Scanning electron microscope (SEM) was used to study cross section profile and thickness measurement of the 
coatings. Increasing duty cycle in an average current density and constant frequency of 1000 Hz resulted in improvement of the 
mechanical properties and corrosion resistance of coated samples. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Ni-based nano-composite coatings have many industrial applications because of their great anti-corrosion 
properties and high wear resistance, Aliofkhazraei et al. (2008). It is well known that current density, frequency, 
duty cycle,  temperature and bath composition can significantly influence properties of coatings by changing the 
distribution and amount of nanoparticles in metal matrix, Kumar et al. (2013). In pulse plating, the mentioned 
parameters have the major effect on microstructure and texture of base metal matrix that may result in grain 
refinement. It has been reported that changing frequency and duty cycle can result in producing nanometre scale 
microstructures, Li et al. (2005). It was shown that ultrafine grain-sized  nickel coatings have appropriate anti-
corrosion resistance that inhibits localized attacks, Sen et al. (2011).Metal matrix nano-composites or reinforced 
metal matrix composites are known for their perfect combination of high mechanical features and corrosion 
resistance properties. It has been reported that random dispersion of ceramic oxides (such as Al2O3, ଶܻ ଷܱ ,ܼݎ ଶܱ) and 
carbon nanoparticles (like carbon nano tube or Graphene) in nickel matrix can significantly improve 
corrosion resistance and mechanical properties such as micro-hardness, wear behavior and friction coefficient, Aal 
(2008). By electroplating method, as a low temperature process, ceramic oxides or carbon nano-materials can be 
deposited into the metal matrix, fabricating high performance coatings for metal substrates. Dispersion of nano-
particles in metal matrix provides exceptional reinforcement properties, Mirzamohammadi et al. (2011). Uniform 
distribution of nano-particles in the matrix and their constant concentration along the layer, as an important factor, 
can be reached by the aid of ultrasound condition in bath. Using ultrasound prevents agglomeration of particles in 
metal matrix  (Zheng and An (2008). It has been reported that changing pulse parameters like average current 
density, pulse frequency and duty cycle have some major effects on matrix microstructure, texture and dispersion of 
particles into the base metal, Thiemig et al. (2007). In this article, the effect of duty cycle in an average current 
density on both corrosion resistance and mechanical properties of Ni - Al2O3 / ଶܻ ଷܱ /Graphene will be investigated. 
2. Experimental 
2.1. Materials and methods 
In the present research, typical Watts’s bath with the addition of Al2O3, ଶܻ ଷܱ  and graphene nanoparticles are 
used for electrolyte solution. The powders were washed, dried and prepared to reach 50 g/l concentration in solution 
before adding them into the bath. Sodium dodecyl sulphate of 0.1 g/l was added to the bath as surfactant. Nano-
particles were dispersed and maintained as suspension in an electrolytic bath by continuous magnetic stirring at the 
rotating speed of 250 rpm for 150 minutes before deposition. AISI 1005 Carbon Steel (UNS G10050) sheets (25 mm 
×70 mm× 1 mm) were used as cathodic electrodes. High purity (99.99%) nickel plates (50 mm×10mm×1mm) were 
used as the soluble anode while vertically maintained at 1.5 cm from the cathodic sheet. Prior to electroplating, 
samples were mechanically polished with different grades of emery papers up to 2000 grit. After reaching a bright 
and smooth surface, they were washed in distilled water, degreased in sodium hydroxide solution. After that, for the 
purpose of activation, the samples were inserted into pure ܪଶܵ݋ସ solution for 15 seconds and finally rinsed with 
methanol. For pulse plating procedures, a unit with the ability to generate different pulse currents, frequency and 
duty cycles were used.  
2.2. Electrolyte preparation for co-deposition 
In this research, samples were coated with pulse frequency of 500 Hz and 1000 Hz and duty cycles of between 
30% and 70%. The process was carried out in a 200 ml electrolytic cell with parallel electrodes. The pulse plating 
process was carried out at a current density of 10 A/݀݉ଶ and bath temperature of 30Ԩ. In an attempt to prevent 
agglomeration of the nanoparticles in the electrolyte, the ultrasonic cleaner was used for about 30 min just prior to 
the electroplating and 40 min during the plating. The ultrasonic probe was entered 1.5 cm vertically into the 
electrolyte, and every 10 seconds it vibrated for 2 seconds with the power of 80 W. The distance of 4 cm was kept 
between the ultrasonic horn and the nickel anode. Details of bath composition and plating conditions are given in 
table 1. 
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                                     Table 1. Bath composition and plating conditions. 
Composition and condition 
ସǤ ͸ଶ                                                                    250Ǥ ି ଵ 
ଶǤ ͸ଶ                                                                     40Ǥ ି ଵ 
ଷଷ                                                                              35Ǥ ି ଵ 
Average current density                                                   10 Ǥ ିଶ 
Coating thickness                                                             30േ2 µm 
Pulse frequency (Hz)                                                        500-1000  
Ultrasound agitation during pulse plating                        80 W 
Temperature (Ԩ)                                                              25േ2 
pH                                                                                     5േ0.3 
2.3. SEM and thickness analysis 
Nanostructure and elemental analysis of the layer was determined by scanning electron microscope (TESCAN 
VEGA-˒ XMU 5136). Before analysis, each sample was mounted in an epoxy resin and prepared for evaluation of 
cross section by SEM. 
2.4. Microhardness measurements 
The hardness of the nano-composite coating was determined with a Vickers microhardness instrument (MXT-
51). Applied load was 300 g for 15 s. The final value quoted for the hardness of each layer for minimizing its error 
was the average of five measurements. The measurements were performed on different locations of the samples. 
2.5. Electrochemical tests 
Studies of corrosion properties of obtained layers have been performed by a palmSens potentiostat System 
(EmStat+3). By using Tafel polarization tests and SoftcorrIII software, the corrosion potential and corrosion current 
density were calculated. Tafel polarization tests were carried out at room temperature with neutral 3.5% NaCl 
solution. For this process, a Standard cell with three electrode holders was used. The reference electrode consisted of 
a saturated calomel electrode (SCE) and for counter electrode, platinum rod connected to a Pt sheet was used. The 
exposed area of nano-composite layers to corrosive electrolyte was 1.5386ܿ݉ଶ. The working electrode was the 
polarization corrosion potential which swept from −300 mV below to 150 mV above the open circuit potential. 
2.6. Wear resistance test  
In the present study, a pin on disk wear testing standard (ASTM-G 99) was used for determination of the wear 
resistance of nano-composite coatings. The coated samples for wear tests were squared plates of diameters (25 mm 
×15 mm) that were fixed and prepared in their appropriate positions for wear testing machine. The pins were made 
of hard stainless cold worked steel of 7 mm diameter. Coated samples were weighed with an AND (േ50ߤg) before 
each wear test. Each sample was horizontally under the pin and the test was performed at room temperature. The 
speed of sample rotation was 90 rpm. After each wear test, weight of samples was measured. By determining weight 
loss, wear behaviour was investigated. The sample weight was measured every 500 m of the sliding distance (4 
times for each sample). 
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3. Results and discussion 
3.1. Microhardness, thickness and SEM 
Microhardness of the coatings deposited at 500 Hz and 1000 Hz improved in similar trends by increasing the 
duty cycle as shown in Fig. 1.  To find the rational reason behind this difference in microhardness, effect of the two 
main strengthening mechanisms needed to be investigated. Hall-Petch strengthening and Orowan hardening 
mechanisms are the two possible reinforcement mechanisms in nano-composite materials. Hall-Petch strengthening 
or Grain-boundary strengthening is due to the impediment of dislocations movement by grain boundary as a pinning 
point that results in the enhancement of mechanical properties. Therefore, as the size of the grain decreases, the 
yield strength would increase. Orowan hardening mechanism explains the effect of particles presence on 
enhancement of mechanical properties. In metal matrix, reinforced particles can act as dislocation pinning sites to 
improve mechanical properties, Srinivasan et al. (2006). It has been reported that  by decreasing  the duty cycle in a 
constant average current density, there are more chances for nanoparticles to form in the layer ,while there is a 
reduction in the amount of co-deposited particles, Aliofkhazraei et al. (2010). Under this condition, a lower ௢ܶ௡ 
means a higher peak current density that resulted in more nucleation rate and reduction of the grain size. In this 
research, for both constant frequencies of 500 Hz and 1000 Hz, changing of duty cycle from 30% to 70% leads to 
enhancement of hardness. Probably, the main operative strengthening mechanism is the incorporation of 
nanoparticles and their role as the dislocation pinning sites (Orowan mechanism). 
 
 
Fig. 1. Influence of changing of pulsed current duty cycle from 30% to 70% on microhardness of nano-composite layers at frequency of (a) 500 
Hz; (b) 1000 Hz. 
 
Samples had very shiny and smooth surface with constant thickness of 30േ2 µm. Based on micrographs shown 
in Fig. 2, at average current density of 10݀݉ିଶ, changing of duty cycle did not change thickness significantly. SEM 
images also show that the electroplated layers are fully adherent to the substrates.  
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Fig. 2. SEM image of the cross section of nano-composite layers with varying duty cycles and frequency of (a) 60% - 500 Hz; (b) 70% - 500 Hz; 
(c) 60% - 1000 Hz; (d) 70% - 1000 Hz. 
3.2. Corrosion resistance properties 
Figure 3 illustrates the Tafel plot of Ni - ܣ݈ଶ ଷܱ / ଶܻ ଷܱ /Graphene nano-composite coatings fabricated under 
different duty cycles. Corrosion current density, corrosion potential, Tafel slopes and corrosion resistance are listed 
in table 3. At frequency of 500 Hz, by increasing the duty cycle from 30 % to 50%, negligible changes in݅௖௢௥௥   are 
observed. Increasing the polarization resistance (Rp) at frequency of 1000 Hz by changing the duty cycle from 30% 
to 50% enhanced the corrosion protection. This phenomenon is in agreement with the fact that by increasing the 
duty cycle in an average current density, more nanoparticles are added to the layer. Dispersion of these ultrafine 
inert nanoparticles and their favourable chemical stability resulted in strong enhancement in anti-corrosion 
behaviour of these composite coatings. They can improve corrosion resistance by preventing corrosion defects 
initiation and development. Presence of this particles can also result in formation of corrosion microcells that may 
inhibit matrix from localized corrosion, Goldasteh and Rastegari (2014). 
 
 
Fig. 3. Tafel plots of Ni -ܣ݈ଶ ଷܱ/ ଶܻ ଷܱ /Graphene nano-composite coatings with different duty cycles changing from 30% to 70% at frequencies 
of  (a) 500 Hz; (b) 1000 Hz. 
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Table 3. electrochemical parameters of the coatings derived from Tafel plots. 
sample ࡱࢉ࢕࢘࢘ 
  (V vs. SCE) 
࢏ࢉ࢕࢘࢘ 
(nA/࡯࢓૛)   
ࢼࢇ 
(V/dec) 
ࢼࢉ 
(V/dec) 
ࡾ࢖ 
(π/cm) 
500 Hz- 30%   -0.625 50 0.747 0.750 3.254 
500 Hz- 40%   -0.695 79 0.650 0.625 1.753 
500 Hz- 70%   -0.632 63 0.666 0.635 2.241 
1000 Hz- 30%   -0.608 125 0.827 0.965 1.549 
1000 Hz- 40%   0.605 100 1.142 0.821 2.076 
1000 Hz- 50%   -0.623 79 0.696 0.968 2.228 
3.3. Wear properties 
Increasing the duty cycle at constant frequency of 1000 Hz resulted in an enhancement of wear resistance. This is 
seen as decrease in weight loss of the coated samples. This phenomenon suggests that there is a common factor  
controlling the hardness and wear resistance of coatings, Bahrololoom and Sani (2005). In both cases, increasing  
௢ܶ௡ resulted in enhancement of mechanical properties. This is evident that at lower peak current densities or higher 
duty cycles in a constant average current density, the amount of nanoparticles in sample rises. In contract, there was 
no major alteration in wear rate of the coatings deposited at frequency of 500 Hz. 
 
 
Fig. 4. Effect of duty cycle on the wear behaviour of Ni - Al2O3 / ଶܻ ଷܱ /Graphene nano-composite coatings with different duty cycles changing 
from 50% to 70% at frequency of 1000 Hz. 
 
4. Conclusion 
Increasing the duty cycle resulted in microhardness enhancement of nano-particles which act as dislocation 
barriers. Therefore, in an average current density by increasing the duty cycle, the amount of co-deposited particles 
increases. 
Incorporation of nanoparticles has a strong effect on anti-corrosion properties. Therefore, increasing the ௢ܶ௡at 
frequency of 1000 Hz, improved the corrosion resistance.   
At frequency of 1000 Hz, by increasing the duty cycle, wear resistance of Ni-Al2O3 / ଶܻ ଷܱ /Graphene, nano-
composite coatings was enhanced. 
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